Abstract: Mycosphaerella fijiensis is a fungal pathogen causing black leaf streak disease in banana plants. In order to develop our understanding of the molecular mechanisms of host infection by M. fijiensis, we initiated a first step towards large-scale gene discovery through the generation and analysis of expressed sequence tags (ESTs). Three cDNA libraries representing different culture conditions were constructed. A subset of clones was sequenced at the 5' end and a total of 3,771 ESTs were generated. These ESTs were clustered into a set of 1,945 unique sequences. BLASTX analysis indicated that 410 of the unisequences showed homology to genes with known function, including those related to pathogenicity and virulence. Meanwhile, 66% and 89% of the ESTs matched to the predicted transcripts and genome sequences of M. fijiensis, respectively. The diversity of the EST collection developed in this study will facilitate genome annotation as well as identification and characterization of genes involved in host infection and fungal development through a comparative and functional genomics approach.
INTRODUCTION
Mycosphaerella fijiensis causes black leaf streak, commonly known as black Sigatoka and the most destructive fungal disease of banana worldwide. It can affect both old leaves and metabolically active young leaves, cause yield losses up to 50% or more, and incur serious export problem due to premature fruit ripening [1, 2] . The disease was first reported in the Sigatoka Valley of Fiji in 1963 and subsequently detected throughout the Pacific and Southeast Asia. It was later identified at Honduras in 1972, Zambia in 1973, and throughout Latin American, African, and Australian banana growing regions by 2000 [3] [4] [5] .
Disease management is one of the most expensive costs faced by banana growers in the high-rainfall tropics and subtropics, where bananas are of great economic and nutritional importance. Fungicides have been extensively utilized in commercial plantations to manage black Sigatoka. After many years of fungicide-dependent disease control on largescale farms, however, M. fijiensis strains tolerant or resistant to diverse fungicides have appeared [6] [7] [8] . These resistant strains have created the need for more frequent fungicide applications. In some areas up to 60 spray applications may be needed to control the disease during a 9-month growing season. The systematic application of fungicides raises concern about their impact on the environment and human health [9] [10] [11] [12] . Cultural practices, such as the removal of affected leaves, adequate spacing of plants, and efficient *Address correspondence to this author at the Department of Plant Pathology, North Dakota State University, 306 Walster Hall, Fargo, ND 58105, USA; Tel: 701-231-7427; Fax: 701-231-7851; E-mail: shaobin.zhong@ndsu.edu drainage within plantations, have played an important role in removing or reducing optimum conditions for disease development. However, these measures are relatively expensive and insufficient to control the disease without fungicides.
Commercial banana cultivars, the major hosts of M. fijiensis, are hybrids of two wild species, Musa acuminata (A genome) and M. balbisiana (B genome). These cultivars have evolved largely via asexual propagation, resulting in limited genetic variation and an increased susceptibility to pests and diseases [13] . Development of disease-resistant plants from commercial cultivars is difficult through traditional breeding methods because they are mostly polyploid hybrids and sterile [14, 15] . Nevertheless, great efforts have been made in the past decades to develop new banana cultivars resistant to black Sigatoka by introducing resistance genes from wild diploid bananas [16, 17] . Some of the first high-yielding, diseaseresistant hybrids are available for wide-scale testing and distribution to farmers [18] . However, due to the genetic variability of the pathogen, some resistant banana accessions have become susceptible to M. fijiensis isolates in certain regions [19] . Although there have been extensive studies on the genetic diversity of M. fijiensis using molecular markers, little is known about the molecular mechanism of the host-pathogen interaction in this pathosystem.
In the past several years, EST analyses have been conducted for many filamentous fungi, including Fusarium graminearum [20] , Heterobasidion annosum [21] , Magnaporthe grisea [22] , Mycosphaerella graminicola [23] , Neurospora crassa [24] , and Ustilago maydis [25] . In conjunction with fungal genome databases, specific EST databases have appeared and enabled researchers to comprehensively analyze ESTs in order to identify putative pathogenic-ity and virulence genes by comparative genomics approaches [20, 23] . However, analysis of large scale ESTs has not been reported for M. fijiensis. The objective of this project was to discover genes through EST analysis of three cDNA libraries from M. fijiensis growing under three different culture conditions in order to accomplish our long-term goal to identify and characterize the genes associated with pathogenicity, fungicide resistance, and the life cycle of M. fijiensis. In this report we present an analysis of the ESTs from three cDNA libraries and these ESTs will be useful for the whole genome annotation as well as for the understanding of the genetic and molecular interactions between M. fijiensis and its banana host.
MATERIAL AND METHODS

Fungal Isolates and Growth Conditions
M. fijiensis isolates were obtained from perithecia using the method described by Stover [26] . Briefly, banana leaves infected by M. fijiensis were collected in the field and incubated in plastic bags with moist paper towels for 24 hours. Infected leaf tissue was cut into 10 cm 2 pieces and stapled to filter papers. The filter papers were wetted, stuck beneath the lids of Petri dishes containing 7.5% water agar, and incubated 6-12 h until ascopsores were discharged. Individual ascospores were transferred to Potato Dextrose Agar (PDA) using a fine scalpel. Typical pink-colored colonies formed after incubation for 2-3 weeks at an ambient temperature (22-25°C) and continuous, cool-white fluorescent light (1200-1250 lux). Identification of the M. fijiensis isolates was confirmed by PCR using M. fijiensis-specific primers [27] .
Two M. fijiensis isolates (MF5-Hilo and MF11-Hilo) were used to construct cDNA libraries. Mycelia for construction of the first cDNA library (PA) were obtained from MF11-Hilo grown on PDA for 4 weeks under continuous, cool-white, fluorescent light (1200-1250 lux). For construction of the second cDNA library (FL), a colony of MF5-Hilo on PDA was transferred into a sterile mortar containing 5 ml of Fries liquid medium [5.0 g ammonium tartrate, 1.0 g ammonium nitrate, 0.5 g magnesium sulfate, 1.3 g potassium phosphate (dibasic), 2.6 g potassium phosphate (monobasic), 30.0 g sucrose, 1.0 g yeast extract, dissolved in 1000 ml water] and ground with a pestle. The ground mycelia were used to inoculate 100 ml of Fries liquid medium in a 250 ml flask, which was then incubated at 26°C on a shaker at 125 rpm. After 4 days, the mycelia were harvested by filteration through two-layers of MiraCloth (CalBiochem, La Jolla, CA), washed once with distilled water, then snap-frozen in liquid nitrogen before storing at -80°C. Mycelia for construction of the third cDNA library (HX) were prepared as described for cDNA library FL, but 30 ml of banana leaf extract was added to the 4-day-old mycelium, then cultured for an additional 24 hours. The banana leaf extract was prepared by homogenizing 30 g of young banana leaves in 50 ml sterile water, filtering it through four layers of cheesecloth, then filter-sterilizing it using a 0.22 m filter.
RNA Isolation and cDNA Library Construction
Total RNA was isolated from fungal mycelia with the RNeasy Plant Mini Kit (Qiagen, Valencia, CA) according to the manufacturer's protocol. All three cDNA libraries were constructed using the SMART cDNA Library Construction Kit (DB-Bioscience-ClonTech, Palo Alto, CA) and the Gateway (Invitrogen, Carlsbad, CA) cloning system with modifications from manufacturers' protocols ( Fig. 1) . For first-strand cDNA synthesis, 0.5 to 1.0 g of total RNA was mixed with 2 l of each anchored attB2-oligo-dT primer (10 mM) (GGGGACCACTTTGTACAAGAAAGCTGGGTTTT TTTTTTTTTTTTTTTTVN) and attB1-Switch primer (10 mM) (GGGGACAAGTTTGTACAAAAAAGCAGGCTrGr GrG), where rG represents ribonucleotide. The mixture was incubated at 68°C for 2 minutes, then cooled on ice for 2 minutes before adding 4 l of 5 buffer, 2 l of DTT (100 mM), 1 l of dNTPs (10 mM), and 1 l of Superscript III reverse transcriptase (5 units/ l). Water was added to a final volume of 20 l. The reverse transcription reaction was incubated for 1 hour in a thermocycler at 50°C. Two microliters of the firststrand cDNA was used as a template in a 100 l PCR reaction containing 1x Advantage 2 PCR buffer, 2.0 U of Advantage 2 Polymerase Mix (Clontech, CA), 0.25 M each of primers attB1 (GGGGACAAGTTTGTACAAAAAAGCAGGCT) and attB2 (GGGGACCACTTTGTACAAGAAAGCTGGGT), and 2 l of dNTP (10 mM). PCR was performed at 94°C for 2 minutes for the initial denaturation, followed by ~18 to 22 cycles at 94°C for 20 seconds, 61°C for 30 seconds, and 72°C for 5 min. PCR products were visualized on 1% agarose gels. The amplified cDNA products were processed on a Chroma spin column (DB-Bioscience-ClonTech, Palo Alto, CA) to remove fragments smaller than 500 base pairs. The purified cDNA was then incorporated into the plasmid pDONR221 by recombination using BP clonase as described in the manufacturer's protocol (Invitrogen, Carlsbad, CA). The plasmids were transformed into DH10B E. coli strain.
DNA Sequencing and Data Analysis
The cDNA libraries were spread on Luria-Bertani (LB) agar plates containing 50 g/ml kanamycin. Individual colonies from each of the three libraries were transferred into 96-well microtiter plates with LB containing kanamycin and 18% glycerol. The plates from each library were sent to the Center for Genomics, Proteomics and Bioinformatics Research Initiative, University of Hawaii at Manoa, for sequencing on an ABI Model 377 DNA sequencer. Sequencing reactions were performed with standard Big Dye (Applied Biosystems, Foster City, CA) protocols and sequences were determined only at the 5 end of each clone.
Raw sequence chromatogram trace files were processed by the program Phred (http://www.phrap.org) using its trimming options in order to remove low quality ends [28] . All automated sequences were manually examined in order to ensure high quality; incorrectly called bases were corrected and unassigned bases were correctly identified. Cross_match in the Phred-Phrap was used to automatically remove vector sequences with the aid of a custom database containing vectors and adapters used for cloning in the libraries. The program was also used to assemble the resulting EST sequences into overlapping contigs and singlets. Redundancy was calculated with the formula [(total number of sequences -total number of unisequences) / (total number of sequences)]. All ESTs have been submitted to the NCBI GenBank dbEST (accession numbers FB531204-FB535042).
BLAST searches were conducted with stand-alone BLAST programs available from ftp://ftp.ncbi.nih.gov/blast/executables/. ESTs were searched against the non-redundant NCBI database for homologs using the Blastx algorithms [29] . Sequences showing significant similarity (E-value < 1e-05) to characterized proteins were categorized based on the MIPS scheme outlined in the MIPS database [30] . Comments from the header section of the NR records were the primary sources of information used to assign putative functions to the M. fijiensis unisequences. The unisequences were also queried against the predicted protein sequences of 18 sequenced fungal genomes using BLASTX. The predicted transcript sequences were downloaded on June 1, 2008 from two websites: the Fungal Genome Initiative at the Broad Institute (http://www.broad. mit.edu/annotation/fungi/fgi/) and Eukaryotic Genomics at the DOE Joint Genome Institute (JGI) (http://genome.jgi-psf.org/ euk_cur1.html). For each genome analyzed, we calculated the number and percentage of M. fijiensis unisequences that had a homolog with E-values of <1e-05, <1e-40, and <1e-100. Further more, we compared the ESTs to the draft assembly of whole genome sequence reads of M. fijiensis, which included 382 scaffolds and 10,313 predicted transcripts. First, the 3,771 ESTs were queried against the database of the predicted transcripts using BLASTN. Queried sequences that had a minimum 90% identity over at least 50 base pairs of alignment to a predicted transcript sequence were considered significant (Evalue < 1e-5) and exported to an Excel database for further analysis. Sequences that did not have hits were used with the BLASTN algorithm to query the database of 382 scaffolds representing the draft sequence of the whole genome. The results of these BLAST searches were used to classify the origin of each EST and evaluate its usefulness for gene prediction. All scripts used for the above analyses were kindly provided by Dr. Zheng Jin Tu and run in the Unix system of the Supercomputer Institute of the University of Minnesota, St. Paul, MN.
RESULTS
Construction and Characteristics of cDNA Libraries
We constructed separate cDNA libraries using the total RNA isolated from fungal tissues grown under three culture conditions, i.e., on the PDA media (PA library), Fries liquid media (FL library), and Fries liquid media supplemented by host plant extract (HX library). Our primary goal was to understand the similarities and differences in gene expression patterns under these three different growth conditions. The secondary goal was to identify the infection related genes Whole fungal tissues grown on PDA were used as RNA sources in order to identify genes expressed during growth on a hard agar surface. Meanwhile, mycelia grown in the Fries medium as well as in media supplemented by host plant extract were used as RNA sources in order to discover genes expressed under similar environmental conditions during host plant infection. Titers of 8.6 10 6 , 5.2 10 6 , and 3.5 10 6 colonies/ml were obtained from libraries PA, FL, and HX, respectively. The average titer for the three libraries was 5.8 10 6 colonies/ml. Examination of sixty randomly picked clones from each library by PCR with the primers attB1 and attB2 showed that over 98% of the clones had inserts ranging in size from 0.3kb to 3.5 kb. Average insert size was 1.2kb for PA, 1.3kb for FL and 1.1kb for HX.
Distribution of ESTs to Clusters, Contigs, and Singletons
A subset (1,344, 1,344, and 1,152) of cDNA clones from the three independent cDNA libraries (PA, FL, and HX) were sequenced at the 5' ends and 1,310, 1,322, and 1,139 individual ESTs were generated, respectively. The length of the EST sequences ranged from 214 to 998 bp with an average of 748 bp. The resulting 3,771 ESTs were assembled into 562 contigs and 1,383 singletons generating a total of 1,945 unique sequences. The rate of redundancy for all three cDNA libraries combined was 45%, while the redundancy for each library ranged from 31 to 44% (Table 1) . More than one contig may correspond to the same transcript, and some degree of redundancy may not be detected. Because all three libraries were constructed directionally and the sequences were determined only in one direction, from the 5' side, the undetected redundancy theoretically originated from the incomplete synthesis of the first strand. The relatively high redundancy rate in all three libraries suggests that EST sequencing efforts passed the cost efficient stage with these libraries to find novel sequences although further sequencing of the library would yield more of them. Nonetheless, about 95% (1841/1945) of the total unisequences were either singletons or contigs formed by less than five overlapping ESTs. Only 5% (104/1945) of unisequences were contigs generated by 5 or more overlapping ESTs, suggesting that the redundancy was mainly caused by a few highly expressed genes. As we determine the nucleotide sequences of additional cDNA clones, we will find more ESTs belong to the already identified sequences, especially these highly expressed genes. Subtraction by those small numbers of highly expressed genes would be helpful to increase the gene discovery rate [21, 31] . Alternatively, the suppression subtractive hybridization (SSH) method could be utilized to create the infection-specific library containing a mixture of both plant and fungal genes that are responsible for host and microbe interaction with an unbiased and equal representation [32] .
Comparisons of the unisequences between and among the three libraries discovered only 99 contigs consisting of ESTs derived from all three libraries. There were 105 contigs overlapping between libraries PA and FL; 92 between libraries FL and HX and 81 between libraries PA and HX. A large number of unisequences was specific to each library, accounting for 68, 63 and 58% of the total unisequences generated from libraries PA, FL and HX, respectively (Fig. 2) . Although EST sequencing from each library was only a little over 1000, they were likely to represent expression profiles because all libraries were constructed without subtraction or normalization procedures. The high numbers of library-specific ESTs suggest different fungal reactions to the three different environmental conditions. However, the differences among the three libraries may have been partially due to other factors, such as the difference between the two isolates (MF-11 and MF-5), the use of 4-week-old mycelia for the PA library and 4-to 5-day-old mycelia for the FL and HX libraries, and two different culture media. Alternatively, the EST collection was not deep enough from each library to detect transcripts that are expressed at a low level. Consistent to this hypothesis, numbers of genes in each MIP category is similar with limited overlaps among three libraries (See below). 
Highly Expressed Sequences
To examine the highly expressed sequences, we analyzed 45 contigs consisting of 10 or more ESTs ( Table 2) . BLASTX analysis showed that fourteen contigs had no matching sequences in the NCBI database when a significant threshold of E-value <1e-05 was used as a cutoff. Among the 31 contigs with homologs, 10 were in the unknown functional category and seven were ribosomal proteins. The other 14 contigs showed similarities to genes with known functions. protein, zinc metalloproteinase, translation-elongation factor, myo-inositol-phosphate synthase, and histone H4 protein.
Comparison of the three libraries indicates that the gene expression is more similar between FL and HX than between the other two pairs. For example, library PA has more expression of opsin or opsin-like proteins than FL and HX, but glucose repressible gene is highly expressed in FL and HX. This is likely due to the similar growth conditions in liquid media for FL and HX tissues. However, we do not exclude another possibility that the discrepancies reflect the differences between the two strains, Hilo-11 and Hilo-5.
Functional Annotation of ESTs
In order to determine the putative function of each EST in all three libraries, multi-dimensional sequence analysis was performed based on a series of BLAST searches [29] . BLASTX comparisons to the Genbank NR database enabled us to classify 2,259 ESTs (~60%) based on sequence similarities to genes with known and unknown functions in the databases. The remaining non-hit ESTs were further analyzed with TBLASTX against over 50,000 ESTs originated from fifteen pathogenic fungi and oomycete species, and three nonpathogenic fungi present in the COGEME phytopathogen EST database (http://cogeme.ex.ac.uk/) [33] . This approach led us to identify 445 more ESTs with similarities to functionally unclassified genes. Combining BLASTX and TBLASTX analyses indicated that approximately 72% of the ESTs from the three libraries had similar sequences in the public databases.
Based upon the MIPS classification system (http://mips. gsf.de/), we annotated each EST exhibiting the most significant BLASTX hit according to a functional category. The proportions of functional categories expressed as a percentage of the total collection for each of the three individual EST libraries are displayed in Table 3 . We were especially interested in the ESTs derived from the FL library as many fungal pathogenesis genes have previously been suggested to be expressed under nitrogen-limiting, or starvation conditions [34] . None of the specific functional categories, except slightly higher numbers of genes with unknown functions, showed noticeable differences in the FL library compared to the others. On the other hand, ESTs derived from HX library showed slightly higher numbers of genes expressed in three categories; energy, cellular transport, and biogenesis of cellular components. These are thought to be important components for nutrient uptake and nutrient metabolism, but not for infection-related functions (see next section). In general, the percentage of expressed genes in each library was similar, except for the category of response to the cellular environment. The PA library had a higher percentage of genes responding to the cellular environment.
ESTs Predicted to be Involved in Pathogenicity
Using similarity as an indicator of functions, we identified 50 genes putatively involved in pathogenicity ( Table 4) . These genes encode proteins for infection structures, toxin synthesis and efflux, detoxification, nutrient and metabolite transport, response to oxidative stress, hydrolytic enzymes, and signal cascade components. Three of four genes related to infection structures were identified from the PA library, while a putative homolog of hard surface induced protein was identified from the HX library. Genes involved in detoxification were discovered mainly from the FL library.
Genes involved in oxidative stress responses were similarly expressed under all three conditions. Several ESTs showed sequence similarities to the genes for avirulence effectors, such as the Avr4, ecp2 and pSI-7 proteins of Cladosporium fulvum and the Protein SnodProt1 precursor of Phaeosphaeria nodorum.
Comparison of the EST Set to Sequenced Genomes of 18 Fungi
We downloaded the assembled sequences and the predicted transcripts (or proteins) of 18 fungal genomes that have been sequenced through the Fungal Genome Initiative at the Broad Institute and Eukaryotic Genomics at the DOE Joint Genome Institute (JGI). The 1945 M. fijiensis unisequences were qerried against these genome sequence databases using the BLASTX program. The results are summarized in Table 5 . In general, the relative overall level of homology between the unisequence set and a genome reflected the phylogenic relationship of M. fijiensis to the species analyzed. The highest numbers of unisequences matched to the transcripts derived from M. fijiensis, followed by a close relative species M. graminicola and other ascomycetous fungi ( Table 5) . They include both plant-pathogenic fungi (F. graminearum, M. grisea, M. fijiensis, M. graminicola, Nectria haematococca, and Stagonospora nodorum) and saphrophytic fungi (Aspergillus nidulans and N. crassa) . Less unisequences matched to the predicted transcripts derived from the fungal species belonging to the phyla Basidiomycota and Zygomycota. The M. fijiensis unisequence set had the least homology to the genome of Batrachochytrium dendrobatidis, a chytridiomycete fungus. In this case only 36% of the unisequences had a homolog with an E-value <1e-05.
To further evaluate the usefulness of the ESTs for annotation of the M. fijiensis genome, we performed a global BLAST analysis using the 3,771 ESTs against the assembled genome sequence (version 1.0) released on August 20, 2007 . The draft includes a total of 10,327 gene models predicted and functionally annotated with the JGI annotation pipeline. Of the 3,771 ESTs from the three M. fijiensis cDNA libraries, 2,110 (55.6%) had an almost 100% sequence identity (perfect E-value (0)) to the predicted transcripts, suggesting an accurate prediction of genes as well as gene structure. Further, 395 ESTs (10.5%) exhibited significant (0 < E-value 1e < 05) similarity to the predicted transcripts, suggesting an accurate gene prediction, but an inaccurate prediction of gene structure. However, some of the EST sequences might have intrinsic problems, such as unclean sequences, chimeric sequences, or unknown origins. It is noteworthy that 1,327 ESTs (34%) had no similarity (no hits) to the predicted transcripts. These 1,327 ESTs were further compared with the 382 scaffolds representing the draft whole genome sequence of M. fijiensis in order to identity their origin. BLASTN analysis identified an additional 337 (9%) of 1,327 ESTs that showed ~100% sequence identify to the genomic sequences in the 382 scaffolds. Another 519 (13%) ESTs had a significant (0 < E-value < 1e-5) similarity to the genome sequence, inferring the presence of an intron, or introns, within the genes or DNA polymorphism between the different isolates used. In conclusion, the additional 856 (22%) ESTs showed a sequence identity to the genomic sequences, but not to the predicted transcript sequences. This suggests that the gene prediction algorithms used for the M. fijiensis draft version did not recognize these regions as genes. Finally, 473 (12%) of the ESTs did not show significant similarity to any ge-( nome sequences. These EST sequences were clean, with an average length of 852 bp, and thus possibly derived from regions of the genome yet to be sequenced. These EST sequences could add value to the gene discovery process, complementing the whole genome sequencing effort.
DISCUSSION
The purpose of this study was to discover the genes expressed by M. fijiensis under three different environmental conditions, with special interest in candidate genes involved in pathogenicity. We chose to use pure fungal cultures in order to increase fungal gene discovery rates without complication from host ESTs [34, 35] . We determined 3,771 EST sequences from three cDNA libraries and assembled them into 1,945 putative genes. The estimated genome size of M. fijiensis is about 35 Mb with a chromosome number of 17 or 18 (Andy James, personal communication). This genome size is within the range of other ascomycete fungi. It would be expected to contain around 8,000-9,000 genes [36] , close to the 10,327 genes by ab intio gene prediction of the initial genome assembly (http://genome.jgi-psf.org/Mycfi1/Mycfi1.home.html). Based on this estimation, the 1,945 unigenes identified represent ca. 20% of the genome in M. fijiensis. Overall, the sequences identified in this study present the first large-scale EST analysis of this fungus. This work provides an awareness of the biological processes that occur during growth on a solid medium, in Fries liquid medium, and in the presence of banana plant extracts and these processes may be related to the interaction between M. fijiensis and its banana host.
BLASTN comparisons of the 3,771 ESTs against the predicted transcripts identified 2,110 (55%) with perfect, 395 (10%) with partial, and 1,327 (35%) with no matching partners. Among the 1,327 no-matching ESTs, 856 (22%) had a significant sequence identity to the genomic sequences. Of these, 337 (9%) had an almost 100% identical match to the genomic sequence. This result suggests that the gene prediction was fairly accurate, though it missed about 20% of the ESTs, and that the prediction of gene structure was even less accurate than the prediction of genes. When a large number of gene sequences are not available, ab initio gene prediction using diverse programs are employed to predict splicing probabilities of donor and acceptor sites, the coding probability of each single exon, and the probabilities of various gene models. The prediction of gene and gene structure can be significantly improved by adding more gene sequences, including ESTs, into the program training set (reviewed in [37] ). The 3,771 ESTs reported in this study will be useful for improved prediction of gene structure as well as discovery of new genes in the draft genome.
Among the 45 contigs formed by more than 10 ESTs, 14 have unknown functions, indicating that these genes may be unique to M. fijiensis. Seven of the 45 contigs are ribosomal synthesis genes. High-level expression of ribosomal genes has been reported in several other phytopathogenic fungi, including Heterobasidion annosum [21] , Ustilago maydis [25] , and Gibberella zeae [20] . This may reflect the active growth of the fungus under the investigated conditions. In contrast, ribosomal proteins were expressed at a low levels in a closely related species, M. graminicola [23] . These contradictory results might have occurred because of different culture conditions for fungal tissues that have been used as library sources. Among the highly expressed genes, glucose repressible genes (contig 519, 546, and 560) were highly expressed in the HX library, while Opsin and opsin-like protein were highly expressed in the PA library. This is probably due to the continuous lighting conditions used during incubation as opposed to the dark mycelial growth conditions used for the other two libraries. Opsin is a light responsive protein and its expression can be induced by light [38] . Cation transport-related protein was also abundant in both the FL and HX libraries derived from liquid cultures. This may reflect that the uptake of cations from Fries medium is active in fungal mycelia.
Our interpretation of ESTs is based on the sequence similarity to other genes with known functions listed in public databases. Most putative pathogenicity genes occurred in the FL library compared to the other libraries in this study. Not surprisingly, several hydrolytic enzyme genes were identified in the FL library. There is substantial evidence supporting the importance of enzymatic digestion in host cuticle penetration and subsequent colonization. Several cell wall degrading enzyme (CWDE) coding genes and their control element genes have been identified as virulence factors and their null mutation has significantly reduced the infectivity of several diverse phytopathogens [39] [40] [41] [42] [43] .
Typically, both the pathogenic fungus and its compatible host plant secrete large numbers of hydrolytic enzymes during fungus-host plant interactions. However, it is difficult to establish the role of individual hydrolytic enzymes in pathogenesis due to functional redundancy among numerous enzymes and multiple isozymes [42, 44, 45] . This enzymatic warfare between the plant and fungus is likely to produce signaling molecules, such as oligosaccharides, from the cell walls of the plant. Further, the fungus may activate additional defense and pathogenesis responses from the host. One of the responses to the enzyme warfare is an oxidative burst. Several genes that respond to or create oxidative stress were identified in this study. These genes include catalases, peroxidases, superoxide dismutases, monooxygenase, and cytochrome elements ( Table 4) . There is no supporting evidence yet, however, that any of these genes are directly associated with pathogenicity. In addition, only three hydrolytic enzymes were identified in this study, in contrast to general expectation, especially from the HX library that was prepared with mycelia grown in the presence of host extracts. The extracts might be insufficient elicitors compared to host cell wall components, which may be required for the full induction of putative CWDE gene expression demonstrated in other pathogenic fungi [46] [47] [48] . In general, it may be desirable to sequence further ESTs from libraries representing compatible host plant infection stages in order to better understand pathogen-host interactions.
We identified three genes for fungal toxin synthesis and ten genes for detoxification, drug resistance and transport protein ( Table 4) . Phytopathogenic fungi have to cope with many natural toxic compounds such as those produced by host plants during pathogenesis. Membrane proteins are known to provide protection against a wide range of natural toxic compounds by pumping them out of the cell [49, 50] . An example of a transmembrane protein is MSF transporter whose activity is driven by the proton-motive force through membranes [51] . They are involved in protection against exogenous toxic compounds in case of Candida albicans [52] and S. cerevisiae [53] . One potential mechanism of infection is killing host cells with fungal phytotoxic secondary metabolites and toxic proteins. Transporters are known to mediate the secretion of endogenously produced toxins, such as aflatoxin, cercosporin, HC-toxin [54, 55] . For example, ToxA encodes an HC-toxin efflux pump which contributes to self-protection against HC-toxin in Cochliobolus carbonum. Like HTS1 encoding the central enzyme in HC-toxin biosynthesis, ToxA occurs only in isolates of the fungus that make HC-toxin. It is logical to consider that fungal transporters are important virulence factors, in parallel with secondary metabolites. Regardless, the function of transporters is to pump out the secondary metabolites originating from the pathogen itself or from the host plant. The necrotrophic fungus, Alternaria alternata, is known for its production of speciesspecific toxins encoded by nonribosomal polypeptide synthetases (NRPS) and polyketide synthases (PKS) [56] . Neither NRPS nor PKS have been identified in this study, in contrast to several transporters. This is probably due to their low level of expression under our trial conditions and the small numbers of EST collections from each library.
One clone in the FL library showed similarity to a signal transduction gene encoding a 'PMK1 homolog' from many pathogenic fungi. This MAP kinase and its homologs are essential for pathogenicity in many plant-pathogenic fungi [57, 58] . MAP kinase is required for appressorium formation in fungal pathogens, such as Colletotrichum lagenarium, M. grisea, Cochliobolus heterostrophus, and Pyrenophora teres [59] [60] [61] [62] . M. grisea and C. lagenarium produce especially large and heavily melanized appressoria that generate strong turgor pressure [63] . In both fungi, MAP kinase (Fus3/Kss1 homolog) mutants are defective in appressorium formation and are nonpathogenic as a result of their inability to penetrate the plant epidermis and colonize host plant tissues [61, 62] . MAP kinase was also found to be required for full pathogenicity in the necrotrophic parasite Botrytis cinerea and in closely related Dothideomycete fungi, including Stagonospora nodorum, P. teres, C. heterostrophus, and Alternaria brassicicola [60] [61] [62] [64] [65] [66] [67] . It is likely that the PMK1 homolog in M. fijiensis identified in this study also mediates plant infection either in the penetration and/or colonization stages. There are three additional kinases and one kinase regulatory subunit which may also be pathogenicity factors. These signal transduction pathways may be associated with the induction of downstream hydrolytic enzyme genes during pathogenicity as suggested previously [64] .
Finally, we have identified ESTs encoding for proteins similar to several Avr factors, including AVR4 and ECP2 from Cladosporium fulvum. Both proteins are highly induced during host infection and were isolated from apoplastic washing fluids of tomato [68, 69] . However, our EST analysis indicated that the AVR4 homolog was found in all three libraries (PA, FL, and HX) and the ECP 2 homolog existed in two of the libraries (FL and HX). It seems that these homologs are expressed in vitro although it is not known if their expression level is higher in vivo. It remains to be investigated whether these genes in M. fijiensis have similar functions to the Avr genes in C. fulvum. Targeted gene knockout study is the most straight-forward method to test the functions of these genes. Currently, targeted gene knockout methods for either targeted gene disruption or targeted gene deletion are unavailable for M. fijiensis. Successful transformation of exogenous DNA fragments, especially GFP expression vectors, has been reported [70] . Further optimization of the transformation method will lead to successful targeted gene knockout methods. Similarly, pathogenicity test methods [71] may be further optimized and established for M. fijiensis in order to discover pathogenicity genes and advance our understanding of their modes of action.
CONCLUSION
The putative identity of the mRNA transcripts discovered in three EST libraries led to several candidate genes potentially important in determining the outcome of a compatible fungal-plant interaction. Further functional analysis of the genes identified in this study by targeted gene replacement or disruption studies, as well as gene expression profiling experiments, will provide more information on the interaction between M. fijiensis and its economically important host, banana. Fungal ESTs identified in this study will also facilitate the annotation of the M. fijiensis genome sequence. A genome sequencing project was funded by the Department of Energy (DOE) in 2005. It was initiated at the DOE-Joint Genome Institute to generate a draft whole genome sequence. The ESTs identified in this study would aid annotation, and most specifically the prediction, of genes in the Mycosphaerella genome. Comparative analysis of ESTs with the closely related fungus M. graminicola and other distantly related fungi, may facilitate the identification of candidate pathogenicity genes and improve our understanding of the evolution of fungal plant pathogens. This could lead to development of more effective systems for banana disease control.
